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PACKING OF OXIDE CERAMIC POWDERS
BY CENTRIFUGAL CASTING

I. INTRODUCTION

The initial packing of powders plays an extremely

important role in subsequent microstructure development and

probably is the most neglected area of powder processing both'

i during the technological preparation of materials and the

investigation of fundamental mechanisms. For example, the

stages in solid state sintering for the purpose of analysis

and description have been broken down into: 1. initial

(neck growth between particles); 2. intermediate

(continuous pore channels); and 3. final (isolated pores)

All of these assume that a uniform pore-particle geometry

exists throughout a powder compact so that the overall

shrinkage of a compact (the frequently used measure of

densification or microstructure development) can be

modeled from the average pore-particle geometry of

"essentially close-packed particles. If proper care is

taken, certainly close-packing of particles in the

intermediate and final stages of densification is close

to the actual situation existing in a real compact. On

1 the other hand, in real powder compacts, particularly those

Smade by powder pressing, the initi.l particle packing is

A IREOMIDING AMz BLAAx-NT Fli1UM
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usually far from ideal close-packed. Face-centered-cubic

packing of uniform spheres gives a packing density of 74

percent of theoretical 2 and packing of particles of mixed
3

sizes or even particles with a continuous particle size

distribution4 can lead to even higher packing densities.

Yet it is experimentally observed both macroscopically5'

7and microscopically that packing densities are frequently

lower than this, typically between 50 and 60 percent of

theoretical. The theoretical density of particles packed

in a simple cubic array is 52 percent and an as-pressed

powder is more typical of a simple cubic array with an

average number of around six nearest neighbors per particle.

Therefore, during the initial stage of densification, a

significant geometric rearrangement must occur in which

the average number of particle contacts cha-'gs from six

to around twelve, going from an open to a close-packed

8structure with attendant 20-25 percent volume change!

This rapidly changing geometry during the initial stage

of sintering makes the application of either shrinkage 9

or surface area changes 10,11 to powder ccmpacts of small

particle size a somewhat dubious method for the determina-

tion of sintering kinetics and mechanisms.

Therefore, the attainment of ideal close-packed particle

packing is highly desirable for confirmation of initial

stage sintering models and more importantly, to observe the

12



effects of deviations from ideality such as impurities,

second phases or neck growth without shrinkage. Further-

more, with an ideally packed material, the transition from

the initial, to intermediate to final stages of densification

can be more easily modeled and followed. Of primary

importance, since ideal compacts are probably not likely

for "real" ceramic materials of interest, deviations from

an ideal compact both in packing arrangement and deviation

of the particles from spheres or from a monodisperse

particle size distribution and their effect on sintering

can be observed.

[II

13
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II. THEORY

A. Van der Waals Forces

Large spheres can be vibrated to produce ideal close-
3

packed arrays but the van der Waals-London attractive force

between small powder particles less than about one micro-

meter in size produces agglomerates and non-ideal powder

packing typically about 50-60 percent of theoretical density

12density. Van der Waals forces are generally considered

to be weak forces which rapidly fall off with interparticle

separation since the force between two atoms is inversely

proportional to their separation to the sixth power. That

is,13

fattractive - r

where X constant and r = separation distance.

For macroscopic bodies, this force has to be integrated

between all atom pairs with the result for two spheres of

radius a at a separation distance r 1 4 , for r<<a;

15
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=Aa
2

12r
2 2-12 "[ where A = i n ' 10 e).

In = atomic density in the solid

Therefore, van der Waals forces between macroscopic bodies

are proportional to the size of the body and only fall off

14as the inverse square of the particle separation. To

obtain "free-flowing" particles, the type which is desirable

for die-filling during dry presssing of powders, the

gravitational force causing the particles to roll freely

past one another should be large compared to van der Waals

forces.

For the particle sizes used for the preparation of

ceramic materials (a < 1im) van der Waals forces dominate

the flow behavior and prevent close packing by forming

bridges. As a result, die pressing rarely results in

packing densities much in excex.ss of 60 percent of theoretical

regardless of the pressure. High pressures (50,000 psi)

lead to higher packing densities by plastic deformation or

15fracturing of the particles. If the particles are

agglomerates, high pressure causes compaction or fracturing

of the agglomerates16,17 and compaction versus pressure

can be used as a measure of the strength of the agglomerates

16



16and the degree of powder agglomeration. Nevertheless,

high pressure compaction rarely leads to green densities in

excess of 70 percent of theoretical in spite of the fact

that with the smaller fractured particles, densities above3

80 percent are possible. Such non-ideal and non-uniform

packing is not conducive to pore-free microstructure

development nor is it a good starting point for the study

of the mechanism and factors influencing microstructure

development.

B. Repulsive Forces

A much more sanguine environment conducive to the

development of ideal particle packing is found in a

suspension of the powder in an electrolyte solution. In

an electrolyte, the surfaces of solid particles acquire an

adsorbed charge of "potential-determining" ions. Surroundings

each particle there is a higher concentration of oppositely-

charged "counter ions" which neutralize the ae- rbed surface

charge. This charged "double layer" leads to an electro-

14,18static potential and a repulsive force between

particles. Therefore, in an electrolyte, powder particles

can be kept from agglomerating up to solid contents in

excess of 70 percent by volume. This, of course, is the

basis of slip casting and high specific gravity slips can

produce castings with densities in excess of 80 percent
17
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of theoretical. Coagulation of the dispersed powder will

occur when the repulsive electrostatic forces just balance

the attractive van der Waals forces as shown in Figure 1.

Therefore, the specific gravity of a casting slip and the

resulting cast density can be controlled by the concentration

and valence of the ions in solution which control the

double layer thickness. An optimum casting slip is one

in which the electrolyte concentration is adjusted so that

the repulsive forces just exceed the attractive forces to

give the smallest separation distance between particles

(to obtain the highest specific gravity) yet maintain a
20

stable slip .

C. Approach to Ideal Packing

Densities above 80 percent of theoretical are possible

in slip cast pieces because the typical slip is made by

milling which produces a wide particle size distribution

leading to more efficient particle packing than can be

obtained with monodisperse material. However, with the

balancing of the attractive van der Waals forces against

the repulsive electrostatic forces in an electrolyte,

ideal packing of monodisperse particles may be approached.

Green densities in excess of 70 percent of theoretical

have been obtained with centrifugally cast suspensions

from which agglomerates had been removed.21,22 These very

fine zirconia particles, thought to be individual

18
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crystallites, sintered to almost theoretical density at a

relatively low temperature with a final grain size of only

0.2 micrometers. This important result demonstrates:

1) the importance of removing agglomerates; 2) the

possibility of achieving almost ideal packing of small

almost monodisperse particles; 3) the possibility of

obtaining complete densification with an ideally packed

monodisperse array of particles; and most importantly

4) obtaining high green density by centrifugal costing.

Latex spheres have been used to demonstrate close packing

of charged particles in the laboratory. 2 3 ' 2 4 ' 2 5 Opals

consist of close-packed arrays of. silica particles
26,27,28

precipitated and settled from solution.

D. Centrifugal Casting

There is adequate theoretical and experimental evidence

to conclude that high density, close-packed particle arrays

can be obtained from carefully controlled electrolyte

suspensions. Therefore, part of this reasearch was to

evaluate centrifugal casting as a means of forming ideal

powder particulate compacts by settling from dispersed

aqueous suspensions mono-sized spherical powder particles.

In parallel with this effort, the centrifugal casting of

some more typical ceramic powders was evaluated to determine

the effects that deviations from ideality had; and, equally

important, to evaluate centrifugal casting as a consolidation

process for "real" powders.

20
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III. EXPERIMENTAL PROCEDURE

A. Powders

In order to perform the centrifugal packing studies in

parallel with the powder preparation. several commercial

powders were investigated. The fir3t ctep consisted of

determining suitable oxide powders on whi.ch to conduct the

experiments. A particle size analysis was performed to

ensure that the powders had a small size and a narrow

distribution in th 1-10 4m range or smaller. This was
L ~*

accomplished with a sedimentation apparatus or by semi- [

automatic image analysis of electron micrographs. The

latter technique permitted the evaluation of particle

shape, with the goal of finding nonagglomerated, spherical

particles. Other tests on powders, when necessary, included

measuring the specific gravity (Standard ASTM pycnometer

test, C-135), x-ray analysis to determine if they were

amorphous or crystalline, differential thermal analysis

to determine if any adsorbed or chemical water were present,

and finally, making sure the acid and base dispersants had

*MSA Particle Size Analyzer

2 **Zeis Videoplan

21
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no deterimentai effects. The powders chosen in this project

were SiO2 , ZnO, SnO2 , and A12 03 . Detailed descriptions

of these powders are given later.

B. Slip Preparation

In most cases, a viscosity versus pH test was done for

each oxide to find the pH at maximum dispersion; i.e., miri-

mum viscosity. A slip was prepared by mixing the powder

and water with a Waring blender. A flowable slip, with as

high a solids content as possible, was used. The viscosity

was measured with a Brookfield viscometer and an average

of six readings was used for the viscosity versus pH curve.

The pH of the slip was measured both before and after the

viscosity determination to ensure that it had not changed.

The acids and base used for dispersion were HCl, HNO 3 , HF,

and NH4OH.* In addition, other dispersants were used in

some of the experiments.

A list of these dispersants and a description, if

necessary, of each is as follows:

1. Acetone

2. Darvan #7 - This is an organic polyelectrolyte

tatnufactured by the R. T. Vanderbilt Co., Inc.

(230 Park Ave., New York NY).

*

Fisher Reajent Grade.

22



I
3. "Feeding Solution" -fFor 1000 ml of zolution this

I consists of 700 ml of distilled H2 0, 300 ml of

acetone and 90 drops of Darvan #7.

1 4. Sodium Silicate.

5. Potassium Silicate.

6. Tri-sodium Phosrhiate.

7. Mighty 150 - this is a wetting agent used in the

cement industry. It is a strong SiO2 dispersant.

I This product is a condensate of naphthalene

formaldehyde. This product is manufactured by ICI

America, (Wilmington, DE).

1 8. Melment LI0 - This is also a strong SiO2 dispersant

used in the cement industry. It is a sulfonated

melamine formaldehyde. This product is manufactured

• ]by the American Admixture Corp., (Chicago IL).

Experiments were performed to determine any correlation

S] between centrifugal packing density and the powder

concentration in the slip. The concentration of powdez

"ranged from .036 to .214 gms/ml of solution in increments

"of .036 gms/ml of solution.

Lowering and narrowing the particle size distribution

of a powder was done by a settling technique. About 20
grams of the powder were disperse" in 1000 ml of the

feeding solution by a Waring blender. The solution was

then poured into a 1000 ml graduated cylinder and allowed

I 23



I

to settle, undisturbed. The larger particles settled

leaving the smaller ones in suspension. Knowing the

particle size needed, the settling time was calculated

from Stoke's Law. For example:

All particles l. and above needed to be settled from

a ZnO powder.

2v- 2gr2 (dl-d2 )/99.

2 -4 2 3 3
22(980 cm/sec (.5x10 cm)2(1.0 g/cm 5.61 g/cm )V= 9(01 poise)

v = 2.51xi0 cm/sec

h = 34.5 cm (settling distance)
5!

.'. t = 1.37 x 105 sec - 38.2 hours.

It would take about 38.2 hours to settle all particles ijp

and above. Also, knowing the particle size distribution

of the ZnO, the amount of powder that wo'.Ld be retained

in suspension was predicted. After the large particles

had settled, the liquid was decanted and centrifuged

to recover the smaller particles. After the powder was

dry, it was used for centrifugal packing density studies,

and these results were compared with the packing densities

obtained with the larger particles.

L
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C. Centrifugal Casting V

For centrifugal casting experiments, the oxide powder

was weighed, the amount of depending on the density of the

powder. A 1 to 2 ml packing volume was desired, so

accurate readings of the packing volume could be read from

a graduated centifuge tube. Usually 1-2 grams of the

powder were sufficient. Fourteen ml of each of solutions

with the desired pH were placed in labeled, graduated

centrifuge tubes, and the tubes placed in an ultrasonic

bath. The powder was then slowly added to produce the

slip. Then, the tubes were centrifuged in a Beckman J2-21

centrifuge. The time of centrifuging was determined by

Stoke's Law, taking into account the centrifzgal force.

That is:

V =2gxr (dl-d2 )/9n

where,

v = the velocity in cm/iec.

g =980 cm/sec 2

x = a factor to account for the centrifugal force.

This factor is dependent on the rotational speed

of the centrifuge and the type of rotor being used.

x = 1.12a (rpm/1000) 2 where, a = the radius of the

rotor in millimeters.

[ r = the radius of the particles in cm.

25
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3 =d the density of the medium in gm/cm

d2 = the density of the particle in gm/cm3

n= the viscosity in Poise

From this equation the velocity was found since x,

dl, d2 , and n were known. The value for r was also known,

from the particle size analysis. The height of thtm centri-

fuge tubes were known, thezefore, the time of centrifuging

was found from the following relation:

v = h/t

where,

v = the velocity in cm/sec.

h = the height of the centrifuge tube in cm.

t = the time for a particle to fall a height of

h, in sec.

After centrifuging, the test tubes were removed, and the

packing volumes were recorded from the h.ight of the settled

powder ir centrifuge tube. Knowing the packing volumes

and weight of powder, the percent theoretical densities

were calculated from the following relation:

W.% Theoretical Density =;/pt x 100

where,

W = the weight of the powder in the test tubes in grams.

26
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V = the packing volume in cm3.

Pt = the theoretical density of the powder.

Usually, the powder could be redispersed in each test tube,

and the experiment repeated. A pH versus packing density

curve was then plotted.

I
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IV. RESULTS

A. SiO2

1. Powder Characterization

a. General. Four SiO2 powders were under consideration

for centrifugal slip casting studies. These were a
i * **

5u Min-u-sil SiO2 , a 5P and 10-. Spherisorb SiO2 , and a

SiO2 fume, k by-product from the manufacture of silicon).

The particle size distributions for these powders are

shown in Figures 2, 3, 4, and 5, respectively. Each powder

has a relatively narrow distribution. The Min-u--il has

approximately 97% of its particles less than 10L, the Sp

Spherisorb has 96% of its particles between Ip and 14u,

and finally, the SiO2 fume has a very small distribution,

with 100% of its particles less than .181u.

Scanning electron or transmission electron micrographs

are shown for each powder. The Min-u-sil powder, Figure 6,

consists of sharp, irregular, slightly agglomerated powders.

However, the 5P and 10p Spherisorb powders, Figures 7 and 8,

*Pennsylvania Glass Sand Corp., Berkeley Springs, W.VA.Ii **Phase Separetum, Hauppauge, N.Y.

***Provided by Professor P.C. Aitcin, Univ. of Sherbrooke,
Canada.
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Figure 8. ISEM Micrograph of. Ith 10. S-htni~sorb
S iO 2 .- 1000\

I ~Figure 9. TEM Micrograph of th, Sio, t'rnme. 76,800X



ISOM

and the SiO2 fume, Figure 9, consist of spherical,

unagglomerated particles. The 5p and l0p Spherisorb

SiO2 were used because of their narrow particle size

distributions and the fact that the particles were spherical

and unagglomerated. The SiO2 fume was also studied beca_ý-

of its spherical particles and extremely small size. The

Min-u-sil powder was rejected for further study due to

the irregular shape of its particles.

b. Spherisorb Powder. An x-ray analysis was performed

on the 5p Spherisorb powder, and the result is shown in

Figure 10. A broad peak was found at a 20 of 22.30. This

corresponds to an amorphous form of silica. No other peaks

were observed. A differential thermal analysis was also

performed on the 5p Spherisorb, for two reasons. The first

was to check for the release of absorbed or chemical water.

The second was to observe how many of the particles were

hollow and whether or not a gas was present within them.

The results were negative, therefore, no appreciable amounts

of adsorbed or chemical water were present. Also, a sample

of the heated powder was observed with the SEM to check for

evidence of ruptured particles and there appeared to be a

larger fraction of broken particles but not significantly so.

The specific gravity of the 5 pm Spherisorb was determined

by pycnometer. A specific gravity of 2.19 was determined

for this powder.
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c. Fume. The density of the SiO2 fume was approximately

2.15 gm/cm3 and is about 95% SiO2 with the major impurity
292

being carbon.

2. Casting

a. General. The point of zero charge (zpc) or

isoelectric point occurs somewhere between a pH of 1 and

a pH of 3.7 for SiO2 , 26,30 The literature seems to support

the theory that there is a strong correlation between

31,32solubility and the double layer chaige. If this is

correct, the pH range in which the minimum solubility occurs

should be near the isoelectric point for the powder. This

is the range in which the minimum dispersion should take

place. Therefore, theoretically, the lowest packing

densities should occur somewhere within the pH range that

gives minimum solubility due to agglomeration. The best

packing densities for SiO2 should therefore occur in the
33

high pH range from 10 to 14.

b. Spherisorb Powder. The experimentation began with

preliminary tests on the l0u Spherisorb. These tests

included the effect pH had on the centrifugal packing

density. One half gram of the 0ip SiO2 was dispersed

in HNO 3 solutions of pH 1 and 3. Each sample was centrifuged

at 500, 1000, and 6000 RPM for five minutes. The highest

packing density achieved was 26.3% of the theoretical at

a pH of 3 for 500 and 1000 RPM.
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One gram of the powder was dispersed in pH solution of

2.0, 2.8, 4.8, and 5.6 at 500 RPM for five minutes and the

same samples were allowed to settle by gravity. The highest

I packing density achieved here was 30.4% of the theoretical.

I This occurred at a pH of 4.8 for both the centrifuged sample

I and the settled sample. Finally, 1.0 gram of the powder

was dispersed in NH4 0H solutions of pH 9.6 and 11.0. The

samples were centrifuged at 500 RPM for five minutes, 6000

RPM for five minutes, 6000 RPM for 25 minutes, and allowed

to settle by gravity. The highest packing density achieved

was 28.5% of the theoretical. This density was achieved

with the solution of pH 9.6 with the centrifuged sample

(500 RPM), and with the settled sample. The other settled

sample, dispersed in a solution of pH 11, also had a 28.5%

density. This 10p powder was then recovered and tested for

any detrimental effects brought about by exposure to the

acid or base. No significant change in particle size,

distribution, or morphology was detected.

After the preliminary tests on the 10p Spherisorb were

completed, the major testing began on the 5p powder. Only

a limited quantity of the 5v powder was available which I:

precluded a viscosity versus pH experiment. Therefore,

the first test attempted was the effect of pH on the

centrifugal packing density. The results are

shown in Figure 11. Each sample, 1.0 gram of powder

39t3
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I dispersed in pH solutions of .6-12 (using HNO3 and NH4OH),

was centrifuged at 6000 RPM for various times. The powderI 4

was also'allowed to settle by gravity. In Figure 11, a

pattern appears. For the centrifuged sample, the packing

density increases from pH 1-5 and then decreases from

pH 7.6-12, with the highest density, 26.9% of the theoretical,

occurring at a pH og 5 and 7. The curve for the settled

sample shows the same trend; however, the packing densities

are higher. The peaks occur at the same pH value, but the

density is 29.5%. This curve shows two interesting pheno-

mena. First, the slower settlinq powder gave the higher

packing densities. Secondly, the. packing density decreased

from pH 7-12. The error bars correspond to the inaccuracy

associated with reading the packing volumes from the

graduated test tubes. The packing volume could be determined

within + .3 ml.

A 1.0 gram sample of the 5u powder was dry packed in a

tube. This was accomplished by submitting the tube to an

ultrasonic bath after the addition of the powder. The

packi•,g density achieved was 22.8% of the theoretical. This

value is similar to the densities obtained by centrifugal

slip casting.

Table 1 shows centrifugal packing densities achieved

4i for different dispersants and different concentrations of

these dispersants. The highest packing density achieved L
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was 30.4%. This was accomplished using an HF-h 2 0 solution,

7.7% HF by volume, and centrifuging at speeds of 500 and

{ 7500 RPM.

The results of centrifugal packing density with the

concentration of powder are shown in Figure 12. The data

again show that the powders settled by gravity gave higher

packing densities than the centrifugally cast powder. The

data also show that above 1.0 gram of powder, the packing

density increased with increased powder content. The dis-

persant used was an NH4 OH solution of pH = 10.

Since the packing density appears to depend on settling

time, a packing density study as a function of the viscosity

of the settling medium was performed. The settling time

is directly proportional to the viscosity. Therefore,

increased viscosity implies increased settling time. One

half gram of 5pm SiO2 was dispersed in different glycerine-

H20 mixtures (0%, 25%, 50%, and 75% glycerine by volume),

and allowed to settle. The results are shown on Figure 13.

There is an increase in density with increasing viscosity,

tl up to 6.05 centipoise, and then a decrease.

Finally, Figures 14 and 15 show the microstructure of

the centrifugally slip cast 5pm Spherisorb SiO2 . These

photographs were obtained on fracture surfaces to avoid

possible misleading results that might occur at the slip,

free surface interface. The micrographs show a random
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Figure 14. SENM Microgjraph of a packing of
the 5ý.. Spherisorb SiO,. 368X

-Iha
Figure 15. SEM Microgjraph of a centrifugally

cast packing of the 5;. Spherisorb
SiO2 . 700X



S|Ipacking of the particles. The smaller particles seem to pack

snore uniformly but the larger particles seem to disrupt the

packing. Pellets were centrifugally cast for density

measurements. However, they had no green strength when

dried and measurements could not be made.

The best centrifugal packing density achieved with the

5u Spherisorb was 30.4% of the theoretical. The low

density and the microstructure show that close packing

was definitely not achieved. There could be a number of

reasons for this and will be discussed later.

c. Fume. Centrifuqal packing density was measured using

1.0 gram of the powder dispersed in the feeding solution

described earlier. The packing density achieved was 38.8%

of the theoretical. The as-received powder did contain some

agglomerates which would not disperse. Therefore, these

were allowed to settle as described earlier, and the fines

collected. The fines were then used for a second centrifugal

packing study. Again 1.0 gram of the powder was dispersed

in three different dispersants, Mighty 150, Melment L10,

and feeding solution. These samples were then centrifuged

at 6000 RPM for approximately 75 minutes. The packing

densities achieved were 51.7% of the theoretical for the

Mighty 150, 51.7% for the Melment L10, and 58.1% for the

feeding solution.
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A centrifugally cast pellet was fabricated at 11,000 RPM,

however, it cracked during drying. Therefore, a density

measurement -.ould not be performed on a dry pellet. A

piece of a pellet centrifuged at 7500 RPM was studied

under the SEM, and Figure 16 shows the structure. Again,

a random packing is observed.

B. ZnO

1. Powder Characterization

Four different ZnO powders were examined. Their

particle size distributions are shown in Figures 17-20.

Approximately 96% of the Baker* Reagent geade ZnO

particles are less than 12 vim. St. Joe's #17 has

approximately 96% of its particles less than 8um, St.

Joe's #30 has approximately 96% of its particles less

than 5pm, and St. Joe's #100 has approximately 96% of its

particles less than 6um. All of these powders had dis-

tributions suitable for these experiments.

Figure 21 is an SEM micrograph of the Baker Reagent

ZnO. This powder, consisting of small, irregularly shaped

agglomerates, was unsuitable for Lhe casting experiments.

Figure 22 shows the typical shape of all the St. Joe ZnO

J.T. Baker Chemical Co., Phillipsburg, N.J., Lot No. 39540.
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Figure 16. SEM Micrograph of a centrifugally
cast packing of the SiO2 fume.
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powders. This TEM micrograph is of the #100 ZnO, but

represents the irregular p.article shapes of all the St.

Joe ZnO. All of these powders had acceptable particle size

S I distributions; however, none of them had an acceptable

particle shape. Therefore, because of the lack of a better

ZnO powder to work with, and because htere was an abundance

of it, the St. Joe #100 ZnO was used for the centrifugal

packing density studies.

2. Viscosity versus pH

Again there seems to be a correlation between the

34solubility of ZnO and its double layer charge. Ihe zero

point of charge for ZnO occurs between a pH of 8 and 934,30

and the solubility minimum occur at a pH of about 9.

Therefore, it is expected that a maximum slip viscosity

wuuld occur at a pH of 9 and decrease with an increase or

decrease in pH.

The effect of pH on the viscosity of a ZnO slip was

ineasured with a Brookfield viscometer, usirg spindle 3 and

a speed of 20 RPM. Two trials were performed on slips that

consisted of an 8-9% solids content by volume. Figure 73

gives the result of one of these viscosity versus pH

experiments. This result is not what was expected based

on the literature data on solubility. Instead of a maximum

viscosity at a pH in the neighborhood of 8-10, a minimum

is observed. Part of this is probably due to the fact that
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the ZnO described rather quickly in the acidic solutions and

p!H values below 9.0 were unstable. It should be noted that

that lone data point at pH6 was reproduced in both experiments

and may represent a rapidly changing pH due to the low

initial pH.

3. CastingR I As-received Powder. The effect of pH on the centri-

fugal packing density is shown in Table 2. For each sample,

2.0 grams of powder were dispersed in HN0 3 or NH4 OH solutions

and centrifuged a 6000 RPM for 10-15 minutes. The highest

4- density achieved was 31.0% of theoretical at a pH of 12.

Table 2 clearly shows the pH instability of the acidic

solutions which casts serious doubt on the validity of the

viscosity versus pH data. This is exemplified by the fact

the packing density versus pH is what is expected from

solubility and zero point of charge data and is opposite

to the viscosity data. As a result, further runs were

performed only a high and stable pH values. The effect of

concentration of powder in the slip on the packing density

was determined and are shown in Figure 24. An NH4OH solution

of pH 10 was used as the dispersant, and the suspensions

were centrifuged at 7500 RPM for 15 minutes. Although

the data are scattered, there is an increase in packing

density with an increase in the powder concentration. The

highest density obtained was 36.9%.

5
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Table 2. pH vs Centrifugal Packing Density
for St. Joe's #100 ZnO - Trials 1
and 2.

6000 RPM for 10 minutes

Packing Packing Packing Packing

Starting Volume Density Volume Density Final
pH (cm3 ) (%mheor.) (cm3 ) (%Theor.) pH

.60 1.20 29.7 1.00 35.7 6.20

1.60 1.40 25.5 1.10 32.4 7.10

2.75 1.40 25.5 1.20 29.7 9.10

3.80 1.40 25.5 1.25 28.5 9.70

5.00 1.40 25.5 1.15 31.0 9.90

5,75 1.40 25.5 1.20 29.7 10.00

-6.00 -- -- -- -- --

8.00 1.40 25.5 .-- --

9.00 1.40 25.5 1.35 26.4 10.00

9.70 1.35 26.4 1.15 31 0 10.00

10.90 1.25 28.5 1.15 31.0 10.60

12.00 1.15 31.0 1O00 35.7 12.35

½)
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b. Fines Only. To observe low packing density varied

with particle size, the particle size distribution was

changed by removing particles lum and above by settling

as described earlier. Packing density was measured only

in the pH range from 10-12. Again, each sample consisted

of 2.0 grams of dispersed powder that was centrifuged at 7500

ERPM for 60 minutes. The results are tabulated in Table 3.

A 35.7% packing density was achieved with the solutions of

pH 10 and 11, and the solution of pH 12 gave a 32.4% packing

density. Again, it appears as if higher packing densities

are achieved with smaller particles.

Different dispersants were also used to disperse 2.0

grams of the ZnO fines to observe if the packing density

could be increased. Centrifuging took place at 7500 RPM

for 60 minutes. The results are shown in Table 4. The

feeding solution, sodium silicate, and potassium silicate

all gave packing densities of 35.7%, and tri-sodium

phosphate gave a 32.4% of the theoretical packing density,

all of which are no improvement.

It was discovered that sound centrifugally cast pellets

could be made from the ZnO powder that contained lp or less

particles. The powder, usually 2.0 grams, was dispersed

in an acid or base solution, and centrifuged in a round

bottom test tube (the graduated test tubes were conical in

shape), at 11,000 RPM. The liquid was then decanted, and
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the pellet was allowed to slowly dry. Fast drying caused

surface cracking. When dry, the pellet was removed from

the test tube, intact. The density of one of these cen-

trifugally cast ZnO pellets that was dispersed in an NH4 OH

solution of pH 10, was 44.5% of theoretical.

c. Ball-milled Powder. Finally, in an attempt to
i-

lower the particle size distribution and break up some of

the irregularly shaped particles, the powder was dry ball

milled in a polyethylene container with high alumina balls

for 6-1/2 hours and then wet ball milled 5-1/2 hours more.

Figure 25 shows the particle size distribution of the powder

after ball milling. The distribution has shifted to smaller

sizes, as compared to the original powder. Now 96% of the

particles are less than 4U, instead of 6u, and this powder

contains more fines. 5-1/2 more hours of ball milling, wet,

did not change the distribution appreciably. A TEM micro-

graph, Figure 26, shows that a number of the irregular

particles were broken up, but there are still a large

number intact.

A sample of the ball-milled ZnO was dispersed in the

feeding solution and centrifuged to a density of 39.6% which

is a minor improvement of that of the unmilled material.
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Figure 26. TEM micrograph of the ball milled
St. joe'gs =100 ZnO. 12,800X



C. Sn2

I i1. Powder Characterization

SnO2 was the third oxide powder studied. A particle size

analysis of the SnO2 , Figure 27, shows a relatively narrow

[ distribution, with approximately 98% of the particles less

than 4um. Also, Figure 28 shows that the particles are

reasonably equiaxed. The isoelectric point reported the
33

SnO2 is between pH 5 and 7.

2. Viscosity versus pH

The effect of pH on the viscosity of an 11% solids by

volume slip was measured and the results shown in Figure 29.

The Brookfield viscometer, using Spindle 4 and a speed of

20 RPM, was used to measure the viscosity. Maximum dispersion

occurred at a pH of approximately 11.2. The viscosity

steadily increased with decreasing pH, until minimum dis-

persion occurred at a pH of approximately 3. The viscosity

then decreased with lowering pH.

3. Casting

The pH versus centrifugal packing density results

are shown in Figure 30. Again, 2.0 grams of powder

were dispersed in 14 ml of solution. Centrifuging took

place at 6000 RPM for 15 minutes. Higher packing densities

occurred at low and high pH values, with lower densities in

the middle pH range, which corresponds to the viscosity

versus pH data. The highest packing density achieved was

48.0% of the theoretical, which occurred at a pH of 1.

65
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Tuo grams of SnO2 were also dispersed in feeding solution

and centrifuged at 7500 RPM for 15 minutes. A 44.3% packing

density was obtained. Another 2.0 grams was allowed to

settle by gravity in the feeding solution for a few days.

All of the powder did not settle in this time period;

therefore, it was centrifuged at 7500 RPM for 15 minutes.

A 48.0% packing density was achieved. Pellets that were

attempted to be fabricated at 11,000 RPM, using a dispersing

solution with a pH of 12, cracked dur.ng drying.

The particle size distribution of the powder was then

loweied by allowing all the particles larger than 2-p to

settle out of the suspension. The remaining particle size

analysis is shown in Figure 31 which shows that 96% of the

particles were less than 2u.

Two grams of this powder were then distaeised in DH

solutions of 12 and 13, and in the feeding solution. These

samples were then centrifuged at 7500 RPM for 30 minutes.

A 48.0% theoretical packing density was achieved with the

pH solution of 12, and a 44.3% packing density was observed

in the other two dispersants.

Finally, the results of the centrifugal packing density

st -dy as a function of the concentration of powder in the

slip (original powder), is and shown in Figure 32. The

feeding solution was used as the dispersant in this

experiment. The data generally show an increase in packing
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density as the powder concentration increases. The highest

density achieved was 45.4% o: the theoretical.

D. A12 0 3

1. Powder Characterization

Three alumina powders were considered for casting

experiments. The first was a O.lnm polishing alumina.*
**

The second was Alcoa A-17 used specifically for slip

casting and the third was Reynolds RC-152.***

Figure 33 shows the particle size distribution for the

.l1,im A12 0 3. As can be seen, the powde:- is definitely not

.l-pm in size. Figure 34 gives the distribution for the

Alcoa powder. Here, approximately 99% of the particles

are less than 20Um. Finally, the distribution for the

Reynolds powder, Figure 35, shows 98% of the particles

less than 8um.

SEM micrographs of each of the powders are given in

Figures 36-38. Figure 36 shows why the distribution of

the polishing alumina is so high. The particle size may be

.llm, however, the powder consists of large agglomerates

Type B a'.umina, Fisher Scientific Co., Fairlawn, N.J.

**
Alcoa, Chemical Division, Bauxite, Ark.

RC-152 DEM (sample 72-8), Reynolds Metal Co., Alumina
AResearch Division, Bauxite, Ark.
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Figure 37. SIM micrograph of the Alcoa A-17
A12 03. 3000X-



Figure 38. SEM micrograph of the Reynolds RC-152
A] 2 0 3 . 5000X



of these fine particles. Figure 37 shows the micrograph

for the Alcoa alumina. It consists of irregular shaped

particles that do not appear to be agglomerated. Finally,

I Figure 38 shows the Reynolds powder. This powder consists

of irregular shaped particles that are more rounded than

i the Alcoa particles. This powder also app•..rs to be

!•I nonagglomerated.

The Reynolds powder appeared to be the most appropriate

powder to work with, because of its narzow particle size

distribution and acceptable particle shape. However, the

Alcoa A-17 alumina was chosen, since it has been proven to

give slips with high specific gravities, and slip cast ware

with high green densities. The specific gravity of the

A-17 was measured to be 3.92. The specific gravity of A12 0 3

recorded in the literature is 3.97. Since the two values

are so close, 3.97 will be used for the calculations recorded

in this section.

2. Viscosity versus pH

Viscosity versus pH experiments were then performed

on the alumina. Two different slips were prepared. The

first had approximately 37% solids by volume and the second

had approximately 20% solids by volume. The Brookfield

viscometer with spindle 3 and a speed of 20 RPM was used

for the 37% solids slip, and a speed of 50 RPM for the 20%

solids slip. Two trials were performed on each slip. The
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results are shown in Figures 39 and 40. All tour curves

follow the same trend and agree well with the literature. 1 9

The isoelectric point of alpha alumina is reported to be

between pH 8 and 10.30

3. Casting

Centrifugal packing density studies as a function of pH

were the next experiments performed on the alumina. Again,

HCI and NH4 OH were the dispersants used, and 2 3 grams of

powder were dispersed in pH solutions of this acid and base.

The suspensions were centrifuged until all the powder was

packed. The results are shown in Figure 41. Two sets of

data were used to prepare one curve, with the difference

between the points in each set of data being used as the

error limits. The plot shows very peculiar behavior with

three maxima and three minima, which appeared in both

runs identically, with the highest packing density, 50.4%,

ccurring at a pH of .8. From the viscosity versus pH

data, the lowest viscosity occurred at a pH of 1i.

Another sample of the 37% solids slip was prepared.

Half of it was adjusted to a pH of 11 and half was adjusted

to a pH of 2. Three samples of each of these slips were

then centrifugally cast at 6000 RPM for 45 minutes. Part
L|

of each slip was also slip cast into a plaster mold. The

densities at each pH for each method of formation were

determined. The results are tabulated in Table-s 5 and 6.
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I

There are two observations worth noting abnut this

experiment. The first is that the slips of pH 2 gave higher

packing densities than those at pH of 1.1, which was not

predicted by the viscosity versus ýH curves. The second

-• is that slip casting in a mold gave higher packing den-

sities than the centrifugal slip casting.

This A12 0 3 was also dry pressed at 10,OuO psi and

15,000 psi, to compare densities with those of the centri-

fugally cast and slip cast samples. After pressing, the

densities of each sample, three samples for each pressure,

were measured. The average density of three samples pressed

at 10,000 psi was 64.5% of the theoretical, and the average

densizy for s&mples pressed at 15,000 psi ;as 66.1%. The

pellets made at 15,000 nsi had a higher density than those

made at 10,000 psi, which was expected; however, it was not

expected to find the dry pre-c.A samples to have higher

densities than the sli.L rast axi centrifugally slip cast

samples.

Finally, a centrifugal packing density study as a

function of the concentration of powder in the slip was

performed. The data are plotted in Figure 42. Again, as

the concentration of povder increases, the packing density

increases. The maximum density achieved was 51.9% of the

theoretical at a concentration of .71 gms/ml. The feeding

solution was used as the dispersant, and the samples were

centrLfuged at 6000 RPM for 15 minutes.
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j V. DISCUSSION

A. SiO2

The 5 pm spherisorb SiO2 powder was the most ideal for

I this study because of its narrow particle size distribution

and sphericity. The particle size however is perhaps at

the large end of the size range in which colloidal behavior

is expected. The results of the centrifugal packing density

study as a function of PH were disappoinrting in that high

densities were not achieved. The powder that was allowed to

settle by gravity attained a slightly higher packing density

Sthan that attairz. by centrifugal casting. This may very

well indicate that these particles were too large and that

gravity forces dominated their behavior and that they never

really formed stable or even semi-stable suspensions.

Increased centrifugal packing densit ies were obtained

with increasing powder content in the slip. This res.lt

is predictable and can be explained by:

I pg(x-.-

Swhere F(x, = the force on the column during centrifugin9

at a point x from the boctom;

= the density of the packed column;
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g = (980 cm/sec 2 ) x (a factor to account for the

centrifugal force);

h = the height of the packed column.

An increase in the amount of powder dispersed in the slip

will increase the force on the packed column during centri-

fuging due to increased h. The density, of course, will

var: :om the top to the bottom of the packed column,

assuming that the density varies with the packing force

or pressure. The force at the bottom of a 1 cm. high,

30.4% dense, column of the 5 jim Spherisorb powder that is

centrifuged at 6000 RPM would be 62.9 lbs/in2 .

The centrifugal packing density achieved with the SiO2

fume was much higher than that achieved with the 5 pm

Spherisorb was 30.4% of the theoretical, while the highest

density obtained with the SiO2 fume was 58.1% of the

theoretical. The composition of the powders was not the

same; however, their densities were comparable. This

probably indicates that the smaller silica fume particles

were sufficiently small to be dominated by colloidal

phenomena rather than gravity. Also, the smaller the

particles the longer the sett., j time for the particles

to arrange themselves into closer packing. However,

experiments to observe how the settling time affected

packing densities of the larger silica particles were not

conclusive. In order to increase settling time, the
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I viscosity of the sttling medium was i'.reased. The packing

density increased to a maximum and then decreased. It would

seem that the density should have continued to increase.

This result may be due to the fact that no dispersant was

present in the H2 0-glycerine mixtures, and the lack of

II •colloidal behavior.

& f SEM micrographs, of the packed 5p Spherisorb shows that

the particles are not arranged in a close packing. However,

in areas where the smaller particles, with approximately

the same size, are segregated they appear to be uniformly

arranged. Larger particles tend to disrupt this arrangement.

Therefore, an even narrower particle size distribution may

be needed to obtain high packing densities. However, again

the probable reason that these powders failed to show the

expected improved packig was that their large size allowel

gravitational effects to dominate and the classical inter-

play between surface charge and ran der Waals forces never

became important.

B. ZnO

The St. Joe #100 that was used for these experiments

had a relatively narrow particle size distribution, but

the particle shape was undesirable. Nevertheless, the

centrifugal slip casting experiments performed on this

material produ..ed some interesting results.
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The results of the viscosity versus pH experiment were

exactly opposite of what was predicted from the solubility

and the zpc. The minimum solubility occurs at a pH of

approximately 9, which should correspond to uhe point of

minimum dispersion. However, the ZnO had maximum dispersion,

minimum viscosity, at this point. The centrifugal packing

density as a function of pH results corresponded well with

the solubility diagram; however, it was opposite of what

was predicted by the viscosity versus pH data. The validity

of the viscosity versus pH data is open to serious question

due to the fact that the pH changed during the measurement

due to the high solubility and apparent rapid dissolution

of ZnO at pH values less than nine.

An increase in the centrifugal packing density as

the concentration of powder in the slip increased was again

observed. This trend appeared with both the original powder

and the ball milled powder. This powder also showed a

tendency for increased centrifugal packing density with

decreased particle size. The increase was from 31.0%

of the theoretical density for the original powder to 35.7%

for the powder consisting of particles less than lu in

size. Finally, an increase in the centrifugal packing

density was observed with an improvement in the particle

shape. The original powder was ball milled, which

destroyed some of the irregular particles and a density

of 39.7% of the theoretical was attained.
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I C. SnO2

I This oxide powder consisted of particles with a narrow

particle size distribution and an acceptable shape and size.

I The viscosity versus pH results show a minimum viscosity

at a pH of 11.2. Another minimum occurred at a pH of

approximately 0.8. The maximum viscosity occurred at a

I pH of 3.9 which is consistent with the zpc data. 30 The

centrifugal packing density as a function of pH showed

the trend that was expected from the viscosity versus

pH data. A minimum packing density occurred in the middle

pH range, with the highest densities being achieved at

high and low pH values with the highest density, 48.0%

occuring at a pH of one.

As with the other powders, the centrifugal packing

density increased with increased powder content in the

slip. However, a maximum, appeared to be reached and

increasing powder content then tended to lower the packing

density. Finally, decreasing the particle size did not

increase the packing density for SnO2.

D. A12 03

Finally, A1203 was the last oxide that was used for

these experiments. The Alcoa A-17 A12 0 3 did not possess

a perfect particle size distribution or particle shape

but it has been used specifically for slip casting. This

was the major reason it was used for these experiments.
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The results of the viscosity versus pH experiments agreed

well with the zpc data and the literature on slip casting

19of A1 2 03 . The viscosity data showed that the maximum

dispersion occurred at a pH of 11.

The results of the centrifugal packing density study show

reproducibly three minimima and three maximima for reasons

which are not completely obvious. Nevertheless, both runs

showed exactly the same behavior and therefore it appears

to be a real effect. One of the lowest packing densities

occurred at a pH of 11 which is opposite to that predicted

from the viscosity data. The highest packin; density,

50.4% occurred at a pH of one.

Again, the results of the centrifugal packing density

as a function of the concentration of powder in the slip

showed an increase in density with an increase in the powder

content of the slip but not dramatically. The highest

packing density achieved was 51.9% of theoretical. Finally,

the densities of centrifugally cast, slip cast, and dry

pressed samples of the A12 0 3 were not significantly

different.
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I
VI. CONCLUSIONS

The results of the experiments performed in this study

iiindicate some interesting trends. from which the following

"conclusions have been drawn:

1. Centrifugal slip casting does not appear to enhance the

formation of high density castings with typical oxide

ceramic powders.

. 2. Higher centrifugal packing densities are obtained with

"a decrease in the size of the powder particles.

3. The use of narrower particle size distrihations may

enhance centrifugal packing densities.

4. An improvement in the particle shape may improve

centrifugal packing densities. As shown by the ZnO

experiments, a higher packing density was obtained

after some of the irregularly shaped particles were

reshaped by ball milling.

5. A higher concentration of powder in the slip increases

the centrifugal packing density.

6. If there is a relationship between viscosity, taken to

be a measure of the degree of dispersion, and packing

density, these results did not prove it. Each powder

behaved differently but in an individually systematic

way.
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7. Centrifugal casting does not seem to offer any significant

processing advantages over other consolidation techniques

for "real world" ceramic powders. Perhaps for more

ideal dispersions with unusual precaustions it may

lead to improved packing density. However, it has yet

to be demonstrated.
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